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Summary
Objective: To ascertain the contribution of articular cartilage morphometry and meniscal position on MRI to joint space width (JSW) measured
in the Lyon schuss radiograph of the knee.
Design: 62 obese women with knee OA and 99 non-obese female controls (mean age 56.6 years) were imaged using 3 T MRI and coronal
water excitation spoiled gradient echo sequences. Segmentation of femorotibial cartilage morphology and regional morphometric analysis was
performed using custom software. Meniscal position was measured quantitatively in sagittal and coronal planes. Minimum space width
(mJSW) was measured in the Lyon Schuss knee radiograph; Kellgren and Lawrence grades (KLG) were assigned on standing anteroposterior
knee ﬁlms. The relative contribution of regional cartilage thickness and meniscal position to mJSW was assessed initially in univariate models
and subsequently with multivariable modelling.
Results: 65% of the variation in mJSW was explained by regional cartilage thickness measures, different KLG and meniscal coverage. Of
these measures the medial tibia cartilage thickness measures and central region of the central medial femur (ccMF) play a consistent role
in variations in mJSW observed across all KLG. Further ccMF and the addition of percent meniscal coverage to this model explains the re-
maining differences in mean mJSW found between those subjects with deﬁnite joint space narrowing (KLG3) and those without OA.
Conclusion: The variation in radiographic mJSW is best described by ﬁve regional cartilage thickness measures and percent meniscal cov-
erage. The magnitude of each measures contribution differs according to radiographic severity with more variability explained by cartilage
thickness of ccMF cartilage thickness and percent meniscal coverage with more severe disease.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Major efforts are currently underway to develop agents ca-
pable of modifying disease progression in osteoarthritis
(OA)1. Traditionally progression of structural change in
knee OA has been monitored by assessing changes in joint
space width (JSW) on plain radiography and intuitively as-
sumed that this reﬂected the integrity of hyaline articular
cartilage. It is now well established that the joint space on
a plain radiograph is comprised not only of hyaline articular
cartilage but also alteration in meniscus, in particular its*Address correspondence and reprint requests to: Dr. D. J.
Hunter at Division of Research, New England Baptist Hospital,
125 Parker Hill Ave, Boston, MA 02120. Tel: 1-617-754-6655;
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1170position2e4. The prior study in the Boston Osteoarthritis
Knee cohort utilized radiographs acquired using ﬂuoro-
scopic positioning with an ordinal observer based assess-
ment of joint space narrowing5. Similarly the contribution
of hyaline cartilage morphology was assessed using
a semi-quantitative assessment6.
Limitations in methods in the prior study did not permit
evaluation of quantitative methods nor application in per-
sons with differing levels of disease severity. Advances in
imaging techniques and assessment methods, in particular
sub-regional quantitative assessment of cartilage thickness
on MRI7e10 and radiographic JSW (both improvements in
acquisition methods and in image analysis11) could facilitate
a more accurate assessment of the contribution of each of
these constituent tissues to the radiographic joint space. In
addition the presence of OA as distinct from normal joint
physiology may inﬂuence the relative contribution of each
1171Osteoarthritis and Cartilage Vol. 17, No. 9of these tissues. Furthermore it is unclear which of the var-
ious measures of tibiofemoral regional cartilage thickness
available on MRI is most important in explaining the variabil-
ity in the radiographic joint space.
The objective of this analysis was to ascertain the contri-
bution of regional hyaline articular cartilage morphometry
and meniscal position measurements obtained from MRI
to quantitative measures of JSW measured in the Lyon
schuss (LS) radiograph of the knee, and to speciﬁcally iden-
tify which subregions of tibial and femoral cartilage and
which measures of the meniscus best explain variations in
JSW.
Materials and methodsSTUDY POPULATIONAll study participants were females, aged 40 years, who were in good
general health. The recruitment of subjects has been described in detail else-
where8,12. Brieﬂy, 180 individuals at seven clinical centers were recruited
through several standard methods to participate in a longitudinal 24-month
observational study to evaluate OA progression. Conventional standing
anterioreposterior (AP) knee radiographs of the knee fully extended were
obtained at each site to establish a baseline level of knee OA severity using
the Kellgren and Lawrence grading (KLG) scale13. Nineteen participants
were not included in the analysis secondary to self-withdrawal, failure to
comply with follow-up, protocol violation, or motion artifact during MRI acqui-
sition. The subjects were divided into two groups, those with clinical and ra-
diographic OA (which is further split into KLG 2 and 3) and control
participants who were asymptomatic and without signiﬁcant radiographic
signs of OA (KLG 0 and 1). Inclusion criteria for the OA group (62 subjects,
31 with KLG 2, 31 with KLG 3) were frequent symptoms, mild to moderate
radiographic OA in the medial compartment, a body mass index
(BMI) 30, and a medial tibiofemoral JSW 2 mm as detected on a posteri-
oreanterior (PA) modiﬁed LS radiographic view of the knee14. Inclusion cri-
teria for control subjects (95 subjects, 91 with KLG 0, 4 with KLG 1) were
complete absence of knee symptoms, absence of signiﬁcant radiographic
knee OA, and a BMI 28.
The study was conducted in compliance with local institutional review
boards, informed consent regulations, the International Conference on Har-
monization Good Clinical Practices Guidelines, and the Declaration of
Helsinki.MRI METHODSSiemens Magnetom Trio 3.0 Tesla (T) magnets (Siemens AG, Erlangen,
Germany) were used at three of the seven study sites, whereas use of Signa
Excite/Genesis 3.0 T MRI long bore magnets and short bore magnets (GE
Healthcare Technologies, Waukesha, WI) was equally divided among the re-
maining sites. Birdcage CP coils (Transmit/Receive) with a ‘‘split top’’ design
were manufactured for the project (Clinical MR Solutions, Brookﬁeld, WI) and
used at all sites. Double oblique spoiled gradient recalled (SPGR) acquisi-
tions at steady state with selective water excitation were acquired at an
in-plane spatial resolution of 0.31 mm 0.31 mm and a slice thickness of
1.0 mm (TE¼ 7.2e8.5 ms, TR¼ 16e17 ms, ﬂip angle¼ 12, band-
width¼ 31.25 kHz (GE) or 130 Hz/pixel (Siemens), matrix size¼ 512 512).
A fat suppressed 2D dual echo fast spin echo (FSE) sequence was acquired
in the sagittal plane with an in-plane resolution of 0.63 mm 0.63 mm and
a slice thickness of 3.0 mm (TE¼ 9/39 ms, TR¼ 2700e3600, ﬂip
angle¼ 170, bandwidth¼ 32 kHz (GE) or 199 Hz/pixel, (Siemens), matrix
size¼ 256 256)12.CARTILAGE MORPHOMETRY ASSESSMENTThe participants images were sent to the Duke Image Analysis Laboratory
for quality control and then to Chondrometrics GmbH (Ainring, Germany),
where they were processed using proprietary segmentation and computation
software. Segmentation of the femorotibial cartilages was performed by
seven technicians with formal training and thorough experience in cartilage
segmentation. Only the baseline data were used for this cross sectional anal-
ysis15. Segmentation involved manual tracing of the total area of subchon-
dral bone (tAB) and the area of the cartilage surface (AC) of the medial
tibia (MT), the lateral tibia (LT), the central (weight bearing) medial femoral
condyle (cMF) and the central lateral femoral condyle (cLF). Femoral carti-
lages were analyzed in a region of interest between the intercondylar notch
and 60% of the distance to the posterior end of the femoral condyles in the
coronal views16. Quality control of all segmentations was performed by a sin-
gle person (F.E.)16,17.The segmentations were used to compute the mean cartilage thickness
over the total area of subchondral bone at three hierarchial levels: compart-
ment (the medial femoral tibial compartment (MFTC) and central MFTC
(cMFTC)), plate (cMF, MT), and subregions [central weight-bearing medial
femoral cartilage (ccMF), ecMF, icMF, cMT, eMT, iMT, aMT, pMT, where
c¼ central, e¼ external, i¼ internal, a¼ anterior, p¼ posterior]7e10. Thecom-
partment measurements are the sum of femoral and tibial plates, i.e.,
cMFþMT¼MFTC and ccMFþ cMT¼ cMFTC.MENISCAL POSITIONMeniscal position measures to the nearest millimeter in both the medial
and lateral compartments were determined for subluxation (both anterior and
in the coronal plane (sub)), meniscal height (ht), and meniscal covering and
uncovering of the tibial plateau using MRIs and eFilm Workstation software
as described previously4,18. Images in which the medial tibial spine area was
maximal were selected for all readings on coronal sequences. Percent of
coverage (pct.cover) was calculated as meniscal covering divided by the
sum of meniscal covering and meniscal uncovering. Sagittal images were
used to assess anterior subluxation of both the medial and lateral menisci.
Interobserver reliability (intra-class correlation coefﬁcient (ICC) values) for
reading the measures of meniscal position ranged from 0.86 to 0.93.RADIOGRAPHIC METHODSThe screening ﬁlm was a standing AP view of both knees in an extended
position, imaged on a single cassette and was used to determine eligibility for
the study on the basis of the KLG. Intra-reader reproducibility from 30 radio-
graphs showed an ICC of 0.91 and a kappa of 0.66.
The posteroanterior (PA) view for the LS radiograph was obtained using
a SynaFlexer frame (Synarc, Inc., San Francisco, CA). The X-ray beam
was centered on the joint line of the knee of interest. The beam angle was
adjusted ﬂuoroscopically for each examination, so as to align (1.5 mm)
the AP margins of the medial tibial plateau (MTP)19. Technically, this repre-
sented a modiﬁcation of the standard LS view, insofar as the LS view as de-
scribed previously did not use a foot frame to help assure reproducible
positioning on serial examinations14,20.SEMI-AUTOMATED MEASUREMENT OF MINIMUM JSW (mJSW)mJSW of the medial tibiofemoral compartment was measured by an expe-
rienced observer using digitized image analysis software (Holy’s software,
UCLB, Lyon, France) permitting the contours of the joint space to be de-
tected automatically with the help of an edge-based algorithm. Measure-
ments were made semi-automatically in the medial tibiofemoral
compartment, the external limit of which was determined by the observer,
who took care to exclude marginal osteophytes. The computer then mea-
sured the minimum interbone distance in each medial area.
The reproducibility of measurements of mJSW was determined by blinded
remeasurement of 36 randomly selected LS radiographs by the same ob-
server, who was not aware of the previous measurement. The SD of the
mean difference between the two measurements was 0.04 mm and the
ICC, 0.99.STATISTICAL ANALYSISTo examine the relationship between mJSW and cartilage thickness and/
or meniscus variables, regression models were built for mJSW against each
meniscal and cartilage thickness measurement (explanatory variables) sep-
arately (Table II). This was done so each explanatory variable could be as-
sessed individually before looking at multivariate models. The initial model
for each explanatory variable had the form (using cMT cartilage thickness
as an example) mJSW¼ KLGþ cMTþ KLG cMT. Additive models, i.e.,
no interaction or cross-product term, were used in further analyses if the
test for same slope was not signiﬁcant.
KLG is included as a covariate in the model building described in this re-
port. The KLG was included as a categorical variable with categories controls
(non-OA), KLG¼ 2, and KLG¼ 3. Inclusion of KLG creates three intercept
coefﬁcients in the regression model, one for each subpopulation. These co-
efﬁcients were reparameterized to represent the intercept for non-OA group,
the difference between KL2 and non-OA intercept and the difference be-
tween KL3 and non-OA intercept. Note that in additive models that the last
two coefﬁcients can be interpreted as the mean difference between KL2
(or KL3) and non-OA after adjusting for explanatory variables. Hence we
can compare these coefﬁcients with the observed mean difference between
KL2 (or KL3) and non-OA observed before including explanatory variable.
To build a multivariate explanatory model for variation in mJSW the follow-
ing steps were taken, ﬁrst KLG was included as the ﬁrst term in the model.
Second, separate models were constructed for blocks of variables related
1172 D. J. Hunter et al.: Relation of regional articular cartilage morphometry and meniscal position by MRIto compartment, plate, region thickness and meniscus position. The block
with the best R2 was selected next and then other blocks added to see if
they were signiﬁcant. In the end other potential covariates (lateral compart-
ments, age, BMI, Volume) were added to see if they helped contribute to ex-
plaining variation in mJSW over KLG and previously added blocks of
variables. Once all signiﬁcant groups of explanatory variables were added,
backward stepwise selection was carried out on remaining variables to pro-
duce a core model including only the explanatory variables that are signiﬁ-
cantly related to JSW after all other variables are included in the model
(Tables III and IV).
The remaining variables in the core model were highly correlated with one
another. To help assess the relationship between these variables and
mJSW, principle components of the core variables (excluding KLG) were gen-
erated and these principle components were used in a linear regression model
with KLG as a covariate and mJSW as the response (Tables V and VI).Results
The demographic characteristics of the sample are dis-
played in Table I. On average the subjects were 56.6 years
old with a mean BMI of 29.4 kg/m2. The BMI is distinctly dif-
ferent between the OA and control groups because of the
inclusion criterion for each group. 61.5% of the study sam-
ple did not have radiographic OA using the commonly ac-
cepted criteria of KL grade 2.
The variation in mJSW explained by thickness and me-
niscal position variables for the whole sample and different
OA subsamples, as measured by R2, is presented in Table
II before and after adjusting for age and BMI. The results
suggest that for the whole sample the percent of variability
in mJSW explained ranges from 8% for iMT thickness to
51% for cMFTC thickness. In the control sample, the vari-
ability explained by these variables is generally less than
is observed in OA sample.
The thickness and meniscus variables were put in a mul-
tivariate model and regressed against mJSW. In Table III
the steps are shown with corresponding R2 for each model
and P values for tests for addition of speciﬁed variables.
Adding any of these groups separately signiﬁcantly im-
proved our ability to explain variation in mJSW after adjust-
ing for KLG (largest p values was for meniscus variables at
P¼ 0.028). The sub-regional thickness parameters in-
creased R2 the most so all regional thickness variables
were included in the next stage of model building. After add-
ing regional thickness variables, total cartilage plate and
meniscus variables were added separately. Here meniscus
was signiﬁcant, but plate was not, indicating that after all re-
gional variables are included plate thickness values do not
explain any further variation in mJSW. At this stage the
model includes KLG, the three meniscus position variables
and the eight medial regional thickness variables. To seeTable I
Characteristics of study population, N¼ 161
Control OA Total
sample
Age, meanSD, years 56.2 8.9 57.2 8.0 56.6 8.5
BMI, meanSD, kg/m2
(n% KL0, KL2,
respectively)
24.7 4.3
(99, 96% KL0)
36.9 5.3
(62, 50% KL2)
29.4 7.6
161
JSW (mm) 3.95 0.61 3.76 1.01 3.88 0.79
Percent coverage
medial meniscus
15.6 7.2 10.4 8.3 13.6 8.0
Cartilage thickness
cMT 2.20 0.35 2.24 0.41 2.22 0.37
Central medial
femur (ccMF)
2.04 0.29 1.87 0.49 1.97 0.39whether this list can be reduced a backwards stepwise al-
gorithm was used to select the best model. This is called
the core model in the table. The core model includes
KLGþ ccMFþ cMTþ eMTþ pMTþ iMTþ pct.cover. So
only ccMF from femoral compartment and percent cover
from meniscus positioning play a role when considering
all variables together, while four of the ﬁve subregions of
the MT play a role. With this model we were able to explain
64% of the variability in JSW.
The adjusted mean difference between KLG3 and con-
trols is near zero for the core model, compared to 0.83
when not adjusted, and is not statistically signiﬁcant
(P¼ 0.95) when include all explanatory variables in the
core model. The adjusted mean difference between KLG2
and controls is 0.31, compared to 0.45 when not adjusted,
and is still statistically signiﬁcant (P¼ 0.003) (see Table IV).
These results indicate that the explanatory variables suc-
cessfully explain all variation in mJSW associated with dif-
ferences between KLG3 and controls, while they only
explain one third of the variation in mJSW associated with
differences between KLG2 and controls.
To ascertain which variables were playing a dominant
role in the multivariate case was complicated by the high
correlation between many of these parameters. To better
understand the relationship between mJSW and the re-
maining variables in the model, principal components
(PCs) were generated for the explanatory variables (exclud-
ing KLG) and these principle components along with KLG
were regressed against mJSW. The weights of the principle
components are shown in Table V and indicate the ﬁrst PC
is roughly an average of the thickness parameters in the
core model since the loadings have a relatively narrow
range between 0.35 and 0.53. The second PC is inﬂuenced
mainly by ccMF and percent cover of medial meniscus, with
pMT and iMT playing a smaller role. When these PCs with
KLG are regressed against mJSW it is found the ﬁrst two
PCs are highly signiﬁcant, p value< 0.0001, components
3 and 5 are marginally signiﬁcant, p values¼ 0.04 and
0.02, respectively, and components 4 and 6 are not signiﬁ-
cant, p values> 0.05, see Table VI. Although the third and
ﬁfth principle components are signiﬁcant, including only the
ﬁrst two components along with KLG explains 61.2% of var-
iation in mJSW, i.e., R2¼ 0.612, compared to R2¼ 0.645 for
the core model, so little explanation of variation in JSW is
lost by including these two components only.
The importance of the ﬁrst two components was exam-
ined by leaving each out of the model separately. Leaving
out the ﬁrst component (PC1) causes the adjusted mean
difference between KLG2 or KLG3 and controls to shift by
about 0.25 back towards their respective unadjusted
mean differences. This implies that this component, which
approximates average thickness, represents changes that
are consistent across KLG groups. Also note that the differ-
ence between KLG2 and controls has returned to the same
level as the unadjusted mean differences between the 2
groups, indicating that all variation in mJSW associated
with KLG2 and controls is explained by PC1. Leaving out
the second component (PC2) causes different behavior in
adjusted mean differences between KLG2, KLG3 and con-
trols. The adjusted mean difference between KLG2 and
controls has not changed much when PC2 is removed
(0.22 when removed vs 0.3 when not) which is further indi-
cation that PC1 explains all variation in JSW associated
with difference in KLG2 and controls. The adjusted mean
difference for KLG3 and controls shows a large shift from
near zero back towards the unadjusted mean difference,
0.63 for adjusted vs 0.83 for unadjusted mean
Table II
Association between cartilage morphometry and meniscal position predictors and mJSW
Predictor variable All subjects Controls OA KLG2 KLG3
R2 Adj.R2* R2 Adj.R2* R2 Adj.R2* R2 Adj.R2* R2 Adj.R2*
Thickness.MFTC 0.40 0.41 0.26 0.27 0.56 0.56 0.49 0.46 0.36 0.38
Thickness.cMFTC 0.51 0.50 0.34 0.36 0.64 0.62 0.58 0.56 0.44 0.43
Thickness.cMF 0.39 0.37 0.19 0.19 0.56 0.54 0.49 0.47 0.34 0.32
Thickness.MT 0.23 0.28 0.22 0.25 0.31 0.32 0.22 0.22 0.21 0.25
Thickness.ecMF 0.23 0.24 0.12 0.11 0.37 0.35 0.14 0.13 0.43 0.40
Thickness.ccMF 0.42 0.39 0.24 0.23 0.53 0.51 0.51 0.49 0.25 0.24
Thickness.icMF 0.27 0.26 0.13 0.13 0.41 0.40 0.46 0.47 0.13 0.14
Thickness.eMT 0.36 0.35 0.21 0.21 0.47 0.47 0.18 0.16 0.40 0.44
Thickness.cMT 0.32 0.36 0.25 0.29 0.44 0.42 0.25 0.27 0.41 0.40
Thickness.iMT 0.08 0.13 0.10 0.13 0.12 0.13 0.09 0.12 0.06 0.09
Thickness.aMT 0.15 0.21 0.18 0.22 0.18 0.20 0.19 0.19 0.08 0.10
Thickness.pMT 0.01 0.02 0.05 0.05 0.0003 0.002 0.01 0.01 0.003 0.001
sub.mc 0.11 0.08 0.003 0.0003 0.24 0.20 0.01 0.01 0.15 0.18
ht.mc 0.11 0.09 0.01 0.01 0.21 0.19 0.04 0.03 0.10 0.10
pct.cover.mc 0.14 0.12 0.04 0.04 0.26 0.23 0.06 0.05 0.14 0.17
*Adjusted for age and BMI.
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75%) of variation in mJSW associated with difference be-
tween KLG3 and controls is explained by PC2. Note that
the sum of the 2 adjusted mean differences between
KLG3 and controls is approximately equal to the unadjusted
mean difference. Given that the principle components are
uncorrelated, this is not a coincidence and does provide ev-
idence of the relative importance of each component in ex-
plaining variation in mJSW associated with KLG3 and
controls.
Discussion
The majority of the variation in JSW can be explained by
a number of cartilage thickness measures (central
MTþ central MFþ external MTþ posterior MTþ internal
MT) and meniscal coverage. The magnitude of this contri-
bution of these factors differs according to radiographic se-
verity (KLG). Of these measures the MT cartilage thickness
measures (in particular central MT, external MT, posterior
MT and to a lesser extent internal MT) and ccMF (central
medial femur) play a consistent and small role in general
changes in JSW observed across all KLG. This however,
explains only approximately one third of variation in JSW
that exists between KLG2 subjects and those without OA.
In contrast the addition of the cartilage thickness of the cen-
tral region of the weight-bearing femoral condyle and per-
cent meniscal coverage to this model explains the largeTable I
Factors associated with minimum JSW: Multiva
Model R2 for model
KLG only 0.28 M
KLGþCompartment 0.58 K
KLGþPlate 0.51 K
KLGþRegion 0.61 K
KLGþMeniscus 0.31 K
KLGþRegionþMeniscus 0.65 K
KLGþRegionþMeniscusþPlate 0.65 K
KLGþRegionþMeniscusþ Lateral Compartments 0.69 K
Core model 0.64 K
Core model¼KLGþ cMTþ ccMFþ pct.coverþ eMTþ pMTþ iMT. M
and percent coverage (pct.cover.mc).portion of the remaining variation in JSW found between
subjects with deﬁnite joint space narrowing (KLG3) and
those without OA.
Previous studies have demonstrated that hyaline articular
cartilage is not the only structure occupying the joint space
on plain radiographs where this space is shared with the
meniscus2e4,21. Earlier studies suggested that the initial
joint space narrowing on conventional radiographs is sec-
ondary to meniscal extrusion rather than thinning of articular
cartilage2,3. These cross sectional studies investigated the
association of meniscal subluxation to JSN and demon-
strated that subluxation does contribute to JSN. More re-
cently we examined the cross sectional and longitudinal
contribution of meniscal position and semi-quantitative car-
tilage morphology to ordinal JSN4. We found that the menis-
cus accounts for a substantial proportion of the variance
explained in observer based JSN and quantiﬁably the
same amount as the variation explained by articular carti-
lage morphology using a semi-quantitative scoring
method4. The radiographic joint space measures in the prior
studies used an observer based grading system for joint
space narrowing rather than direct measures of JSW and
only examined subjects with symptomatic knee OA. With re-
ﬁnements in measurement technology, the relative contribu-
tion of various measures can be undertaken thus allowing
us to more precisely quantify the variation contributed by
each measure. Further this study reﬁnes our understanding
of which aspect of meniscal position and what regions ofII
riable analysis with stepwise progression
Compared against P value Model selected
ean 0.00 KLG only
LG only 0.00 KLGþCompartment
LG only 0.00 KLGþPlate
LG only 0.00 KLGþRegion
LG only 0.03 KLGþMeniscus
LGþRegion 0.001 KLGþRegionþMeniscus
LGþRegionþMeniscus 0.66 KLGþRegionþMeniscus
LGþRegionþMeniscus 0.25 KLGþRegionþMeniscus
LGþRegionþMeniscus 0.81 Core model
eniscus is coronal subluxation (sub.mc), meniscal height (ht.mc),
Table IV
Difference between KLG explained by core predictor variables of
cartilage thickness and meniscus position
Model Coefﬁcients Value t value P value
Unadjusted KLG2 vs controls 0.45 3.22 0.002
Mean difference KLG3 vs controls 0.83 5.91 0.0000
Core model KLG2 vs controls 0.31 2.98 0.003
KLG3 vs Controls 0.01 0.06 0.95
cMT 0.83 3.95 0.0001
ccMF 0.58 4.33 0.0000
pct cover 0.02 4.08 0.0001
eMT 1.08 3.05 0.003
pMT 0.76 3.10 0.002
iMT 0.45 1.70 0.09
For KLG coefﬁcients value measures the mean difference be-
tween KLG identiﬁed.
Table VI
Regression coefficients and P values for significant principle com-
ponents. Results from regressions with PC1 and PC2 removed
separately from original model
All signiﬁcant
PCs
Remove
PC1
Remove
PC2
Value P value Value P value Value P value
Coefﬁcients
(intercept)
3.82 0.00 3.83 0.00 3.97 0.00
Non-OA vs KL2 0.30 0.00 0.55 0.00 0.22 0.08
Non-OA vs KL3 0.03 0.80 0.24 0.16 0.64 0.00
Comp.1 0.25 0.00 0.22 0.00
Comp.2 0.36 0.00 0.30 0.00
Comp.3 0.09 0.04 0.08 0.17 0.06 0.27
Comp.5 0.17 0.02 0.14 0.14 0.10 0.25
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this variation. The inclusion of a control population allows
examination of relative contributions in differing stages of
disease severity.
A number of measures of tibial cartilage thickness can be
obtained from cartilage morphometric measurements. Of
these measures the MT cartilage thickness measures (in
particular central MT, external MT, posterior MT) and
ccMF (central medial femur) appear to be most important
in determining the variation in mJSW. It also appears that
the anterior sub-region makes little contribution to the
models. This is consistent with theories that suggest that
central weight-bearing portions of the joint and posterior
elements are most susceptible to damage with disease.
A number of different measures of meniscal position can
be made4 and this study suggests that proportion of menis-
cal coverage may be all that is needed. Measurement of
subluxation of the meniscus is compromised if a meniscus
is macerated or destroyed as frequently happens in OA.
In contrast the proportion of coverage provides a clearer re-
ﬂection of the remaining intact and functional meniscus
which comprises the joint space. Of great interest is that
the variation explained by this measure appears to be
most important in explaining the variation in KLG3 knees
i.e., those with deﬁnite joint space narrowing.
We acknowledge that this is a cross sectional study so
statements of change or progression can only be alluded
to from this analysis. This said for future studies examining
regional cartilage thickness with advancing states of dis-
ease severity this analysis would suggest that central me-
dial femur and meniscal coverage plays a much great
contributing role in contributing to JSW change than other
measures. Thus these measures may be suitable parame-
ters to use in observational studies to demonstrateTable V
PC analyses of predictive model variables
RowNames Principle component loadings for variables
Comp.
1
Comp.
2
Comp.
3
Comp.
4
Comp.
5
Comp.
6
Thickness.ccMF 0.354 0.501 0.505 0.018 0.604 0.062
Thickness.cMT 0.533 0.017 0.193 0.238 0.249 0.748
Thickness.eMT 0.489 0.089 0.388 0.143 0.638 0.418
Thickness.iMT 0.453 0.219 0.395 0.519 0.282 0.491
Thickness.pMT 0.380 0.409 0.172 0.761 0.281 0.029
pct.cover.mc 0.035 0.724 0.609 0.273 0.089 0.141differences between those with radiographic OA and those
with deﬁnitive joint space narrowing. Similarly in longitudinal
analysis one may track changes in central medial femur and
meniscal coverage as proxies or surrogates of JSW
change.
In general joint surfaces are spherical, and therefore
must be incongruent during most of their arc of move-
ment22. In a canine model there are morphological and bio-
chemical differences in the articular cartilage of the tibial
plateau of normal adult dogs when the cartilage covered
by the meniscus is compared with that of more centrally
placed articular cartilage not covered by meniscus23. Vari-
ous studies have demonstrated that in response to loading
thickness and surface characteristics of cartilage
change24,25. In addition the adaptive and maladaptive re-
sponse of cartilage and the development of ﬁbrillation
and thinning differs according the pattern of loading in
each region26. We have demonstrated that the central,
AP regions of the tibial plateau cartilage contribute more
to joint space narrowing whereas the internal region (that
predominantly uncovered by meniscus) and anterior re-
gions contribute less. This may appear somewhat counter-
intuitive as these regions are afforded meniscal protection
whereas the central region is not.
There are a number of limitations of this manuscript that
warrant mentioning. The number of participants with deﬁnite
OA (KLG 2 and 3) is relatively small hence limiting the pre-
cision of these estimates in these groups. The data pre-
sented in the manuscript suggest that if the intent of JSW
measurement is to track hyaline articular cartilage measure-
ment most of the variability in JSW differences is explain-
able using largely measures of cartilage morphometry and
meniscal position in latter stages of disease. In contrast in
early disease (KLG¼ 2) much of the variability remains un-
explained when accounting for meniscal position and carti-
lage morphometry. Effectively in the whole sample we were
able to explain ~65% of the variance leaving ~35% of the
LS JSW not accounted for by meniscus position and thick-
ness of the articular cartilage. Possible explanation(s) why
this may be the case include (1) differences between the ti-
biofemoral contact sites in a LS view taken in about 20 of
ﬂexion and an extended knee MRI, and (2) differences in
cartilage thickness that might be caused by compression
due to weight bearing in the LS view but not when acquiring
the MRI. Another factor that may account for some of the
variability is that MRIs were typically acquired at a different
time of the day to the radiographs. Prior studies have dem-
onstrated marked diurnal variation in cartilage thickness
distribution27.
1175Osteoarthritis and Cartilage Vol. 17, No. 9In DMOAD studies, we need to know the selective target of
the drug (whether cartilage or meniscus) to appropriately se-
lect the structural imaging outcome. The major rationale for
exploration of the factors contributing to radiographic joint
space is that if we use radiographic JSW as a structural out-
come and the drug being tested does not selectively target
hyaline cartilage but rather the meniscus our results suggest
radiographic JSWmay not measure change at early disease
stages. Similarly if the drug target were hyaline cartilage at
latter disease stages the contribution ofmeniscalmalposition
may inﬂuence JSW measures substantively; these factors
need to be considered in planning for both observational
studies monitoring progression and clinical trials.
In conclusion the variation in radiographic mJSW is best
described by ﬁve regional cartilage thickness measures
(central MTþ central MFþ external MTþ posterior
MTþ internal MT) and percent meniscal coverage. The
magnitude of each measures contribution differs according
to radiographic severity with more variability explained by
cartilage thickness of ccMF cartilage thickness and percent
meniscal coverage with more severe disease. A large pro-
portion of the radiographic joint space remains unexplained
using these methods and this warrants further exploration.Conﬂict of interest
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